We have investigated magnetization reversal of ultrathin Co/Pd ͑111͒ films via in situ determination of three-dimensional magnetization orientations using magneto-optical Kerr effects of p and s waves. We find that with increasing the Co thickness the easy axis of magnetization is switching from normal-to-plane to in-plane through a stable canted phase and magnetization reversal under an applied magnetic field shows very contrastive behavior depending on the easy axis of magnetization. In particular, magnetization reversal via spiral motion is observed in the Co film of the canted phase which could be explained by an existence of in-plane anisotropy and an applied field slightly tilted from the film normal. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1490632͔ Magnetization reversal study in ferromagnetic thin films continues to be an important issue in magnetism.
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Magnetization reversal study in ferromagnetic thin films continues to be an important issue in magnetism. [1] [2] [3] Interest is largely motivated by applications in high-density data storage and sensing technologies 4 -6 as well as by the fundamental interest in phenomena such as magnetic switching process 7, 8 and spin reorientation. 9, 10 Full vectorial determination of magnetization orientation in magnetization reversal is very desirable to better understand magnetic phenomena related with magnetization reversal as well as to develop magnetic thin films. A complete vector analysis of magnetization orientation has been performed mostly by means of the scanning electron microscope with polarization analysis ͑SEMPA͒.
11 However, a fundamental limitation in the SEMPA technique is the fact that it is impossible to apply a magnetic field and thus, this technique cannot be utilized for magnetization reversal study in the presence of an applied magnetic field.
As for the magneto-optical Kerr effects ͑MOKE͒ technique, Florczak and Dahlberg 12 have proposed a technique for detecting the two orthogonal in-plane magnetization components by utilizing the longitudinal and transverse MOKE. But this approach does not allow a direct comparison of the two components. On the other hand, Daboo et al. 13 have reported a method to obtain the two in-plane magnetization components parallel and perpendicular to an applied magnetic field via two longitudinal MOKE measurements. However, up to now full vectorial determination of magnetization direction by means of the MOKE technique has not been developed. In this letter, we report contrastive magnetization reversal modes of ultrathin Co films on Pd ͑111͒ single-crystal substrate under a magnetic field applied normal to the film plane, which was found through full vector analysis of magnetization direction using the MOKE technique in a UHV chamber.
For vectorial determination of magnetization in ultrathin magnetic films we utilize simplified analytic expressions for magneto-optical Kerr effects derived under a condition of ultrathin film limit, 14 where a ultrathin magnetic film had an arbitrary direction of magnetization and a beam of light is obliquely incident to the film. Details of the method are reported in Ref. 15 . The coordinate systems of four MOKE measurement configurations for vectorial determination of magnetization are depicted in Fig. 1 . From the p-and s-wave complex Kerr rotation angles of ⌰ P (m y ,m z ) and ⌰ S (m y ,m z ) measured in the yz scattering plane depicted in Fig. 1͑a͒ , we could determine m y and m z , the components of the magnetization vector in the y and z directions normalized by the saturation magnetization under a magnetic field normal to the film plane, using the equations as follows:
Here APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 1 1 JULY 2002 in Figs. 1͑a͒ and 1͑c͒ . The complex Kerr rotation angle ⌰ (ϵ⍜ϩi⑀) is given from the Kerr angle ⍜ and the ellipticity angle ⑀, which could be simultaneously obtained from the second and first harmonics of a photoelastic modulator, respectively. 16 Similarly, from the p-and s-wave complex Kerr rotation angles of ⌰ p (m x ,m z ) and ⌰ s (m x ,m z ) measured in the xz scattering plane shown in Fig. 1͑b͒ , m x and m z components can be determined from the equations as follows:
Here, ⌰ J i denotes the saturation Kerr effect of the i(s or p)-polarization wave in the J-measurement configuration shown in Figs. 1͑b͒ and 1͑d͒. Therefore, using Eqs. ͑1͒ and ͑2͒ one can determine all components of magnetization vector normalized by the saturation magnetization under an applied field normal to the film plane. Magnetization components under an in-plane applied field can be also determined using the same equations from the p-and s-wave MOKE measurements in the measurement configurations of Figs. 1͑c͒ and  1͑d͒ .
We have applied the present method to determine magnetization direction during magnetization reversal of ultrathin Co films deposited on Pd ͑111͒ single-crystal substrate under an applied field normal to the film plane. Entire experiments including the sample preparations as well as the MOKE measurements have been performed in a UHV chamber maintained under a background pressure of below 1 ϫ10 Ϫ10 Torr. Details of our experimental setup for UHV in situ MOKE measurements are described elsewhere. 16 We have measured the MOKE at every 0.25 monolayer ͑ML͒ Co thickness under four measurement configurations as depicted in Fig. 1 . With increasing the thickness of Co film we observed that magnetic anisotropy was changed from perpendicular phase ͑normal-to-film plane magnetization͒ to in-plane phase ͑in-plane magnetization͒ via canted phase ͑oblique magnetization͒; spin reorientation transition from perpendicular to in-plane phases was found to occur in the film thickness range of 5 -6 ML.
Interestingly enough, we have found very contrastive magnetization reversal modes among the different phases. In the Co films showing perpendicular phase, magnetization reversal in an applied field is found to take place through irreversible process of domain nucleation and growth, which is typically observed in magnetic materials. In contrast, magnetization reversal of Co films showing canted or in-plane phases reveal vector-nature reversal modes. In Fig. 2 , we depict a two-dimensional representation for magnetization reversal process of 5.25 ML Co film in the m x -m y projection plane as a function of a magnetic field applied normal to the film plane, together with the dependence of each magnetization component on the applied field. The error bars in the determination of each component are indicated in the figure, which were obtained from five repeated measurements. The magnitude of the error is irrespective to an applied field, since the error in the measurement of ⌰ is nearly same independent of the applied field. Note that the errors of m x and m y are generally larger than the error of m z . Because the saturation Kerr effect in the polar measurement configuration is generally larger than that in the longitudinal measurement configuration, a same measurement uncertainty in the complex Kerr rotation angle ⌰ results in a different amount of the error between m x ͑or m y ͒ and m z , as clearly seen from Eq. ͑1͒.
A substantial reduction of the magnetic vector magnitude in the small fields as shown in the inset of Fig. 2͑b͒ evidences the formation of magnetic domain structure. A possibility of the reduction due to the approximation of our method is ruled out by considering the experimental observations of ͉m͉ϭ1 in the different kind of samples even at the small applied field regime. In the inset of Fig. 2͑b͒ one can note that ͉m͉Ͻ1 even above the coercivity field. A partial cause for this might be due to the measurement error. However, it should be noted that the reduction of ͉m͉ at the most of the high field regime is beyond the error bar. A main physical origin could be due to an existence of the multidomain even at the high field regime. Once the multidomain structure is formed as the ground energy state at zero applied field, it is naturally expected that with applying a magnetic field the multidomain structure smoothly changes until it reaches a single domain state at the complete saturation field. The saturation field to yield a single domain state is decided from a competition between the magnetostatic energy and the exchange and anisotropy energies. Inhomogeneous magnetization due to a magnetic inhomogeneity of the sample could be another physical reason for the reduction of ͉m͉.
Strikingly, as shown in the figure we observe a spiral motion of magnetization reversal along the applied field direction: 360°counterclockwise spiral rotation of magnetization with changing the field either from ͑I͒ Ϫ1 to ϩ1 kOe or ͑II͒ ϩ1 to Ϫ1 kOe. Note that at the zero applied field this sample exhibits a canted phase with the magnetization orientation inclined by 41°from the z axis, which was estimated from the energy minimization of Eq. ͑3͒ accounting the reduction of ͉m͉. A canted phase can be existed as one of the stable phases when the second-order uniaxial anisotropy constant is not negligible. 17 The spiral reversal mode of the canted magnetization could be explained by considering the total energy E which includes the second order anisotropy energy, the fourth order anisotropy energy, the in-plane anisotropy energy, and the magnetostatic energy as follows:
where and are the polar and azimuthal angles measured from the film normal and the in-plane hard axis. Here, the shape anisotropy of 2 M 2 is included in the first term of Eq. ͑3͒ by K 2 ϭK 2 Ϫ2 M 2 . Since the magnetization vector will be oriented to minimize the total energy of the system, one could get a static direction of M in a given field via minimization of Eq. ͑3͒ with respect to and . The inset of Fig.  2͑a͒ was obtained from minimization of Eq. ͑3͒ assuming the Co bulk values of K 2 , K 4 , M, and K p ϭ1.4ϫ10 5 erg/cc in an applied field 3°off from the film normal. Note that our experimental observation of 360°counterclockwise spiral rotation of magnetization with changing the field could be well predicted.
This spiral reversal mode is found to disappear in the in-plane phase existed for the Co films thicker than about 6 ML. In Fig. 3 , we demonstrate a representation of the magnetization components in the m x -m y -m z coordinate under a magnetic field applied normal to the film plane, together with the dependence of each magnetization component on the applied field. The vector-nature mode in magnetization reversal is again seen from the figure. Interestingly, magnetization reversal takes place only in the y -z plane without any m x component as clearly seen in Fig. 3͑b͒ , which implies an existence of the two-fold in-plane anisotropy consistent with our previous phenomenological model. Since the magnitude of m y gradually increases with decreasing m z by a comparable amount at the beginning of reversal from the saturation field ͑for ͉H͉у1.5 kOe͒ as seen in Fig. 3͑b͒ , a reversible coherent rotation is present in this field range. Then, an irreversible magnetization process is followed in the small field range of ͉H͉р0.5 kOe. 
